Background
Chronic liver diseases cause progressive destruction of the liver parenchyma and accumulation of the extracellular matrix (ECM), increased collagen synthesis, and inability to promote ECM degradation, resulting in fibrosis and subsequent liver cirrhosis, which is the 10th leading cause of death in the Western world.
1,2 Liver fibrogenesis is triggered by increased reactive oxygen species (ROS), 3 leading to an inflammatory process by activating profibrogenic mediators, such as transforming growth factor beta (TGF-β). TGF-β induces the activation of hepatic stellate cells (HSC) to differentiate into myofibroblasts, thus increasing the expression of cytokines and proteins involved in matrix remodeling. [4] [5] [6] [7] In this study, we used the carbon tetrachloride (CCl 4 ) model of cirrhosis in rats because it is similar to human cirrhosis. 8, 9 Using CCl 4 , a widely used solvent in chemical industries, is one of the main pathways for the exposure and absorption of volatile chemicals that may be environmental contaminants, and it is well known for its hepatic and renal toxic actions. After administration, CCl 4 is metabolized by the liver via cytochrome P450, leading to the release of free radicals, such as trichloromethyl and its derivatives that have toxic effects on liver cells, causing steatosis, fibrosis, cirrhosis, and eventually cell death. 10, 11 These free radicals may act by covalent binding to lipids and initiate lipid peroxidation (LPO). 11, 12 Melatonin (MLT) has proved beneficial in many pathological situations. MLT is an indoleamine widely produced and universally distributed, having multiple functions in all organs and organisms. MLT has a potent in vitro and in vivo antioxidant effect. 13 It protects various tissues from persistently produced free radicals 14, 15 and significant anti-inflammatory and immunomodulatory activity, 13, 16 as well as oncostatic properties. 5 Preliminary tests in human subjects have shown the beneficial effect of exogenous MLT in preventing ulcerative colitis, colon cancer, nonalcoholic fatty liver disease, and complications associated with partial liver resection. 2, 15 Liver cirrhosis is associated with high risk of mortality, and liver transplantation is not always available in a timely manner. The inhibition of fibrogenic mechanisms represents an important molecular target of therapeutic action, contributing to a temporary support for patients awaiting liver transplantation.
Therefore, further studies on the effect of MLT on liver diseases may bring basic studies closer to clinical reality.
The objective of the present study was to evaluate the effect of MLT on CCl4-induced liver cirrhosis in rats in terms of oxidative stress, inflammatory process, and fibrogenic and angiogenic cytokines.
Methods
Animals and procedures. We used 20 male Wistar rats weighing 250 g. The animals were obtained from the Central Laboratory Animal Facility of the Universidade Federal de Pelotas, Rio Grande do Sul (Brazil). They were kept in the Animal Research Unit of the Hospital de Clínicas de Porto Alegre (Brazil) on a 12/12 h light/dark cycle in a temperature-and humidity-controlled environment. The rats had free access to water and received a restricted diet (16 g of chow per day for each animal). 12 All experiments were performed in accordance with the guidelines recommended by Research Ethics Committee of the Research and Graduate Studies Group of Hospital de Clínicas de Porto Alegre under protocol number 100316.
The animals were divided into four groups. CO: control group; CO + MLT: control group receiving MLT; CCl 4 : receiving carbon tetrachloride; and CCl 4 + MLT: receiving CCl4 and MLT. The CCl 4 and CCl 4 + MLT groups received 27 intraperitoneal doses of CCl 4 dissolved in mineral oil (1:6) (volume administered = 0.5 mL). The first 10 doses were administered every 5 days, the next 10 doses were given every 4 days, and the last 7 doses were received every 3 days. 18 Phenobarbital was added to the water provided to the animals at a concentration of 0.3 g/L 7 days before the first administration and throughout the experiment to promote cytochrome P450 enzyme induction. 12 MLT (Sigma Aldrich, St. Louis, MO, USA) was administered intraperitoneally to the CO + MLT and CCl 4 + MLT groups at a dose of 20 mg/kg/day from the 10th week to the end of the experiment (16th week). 19 Twenty-four hours after the last CCl 4 administration, the animals were anesthetized with xylazine (5 mg/kg) and ketamine (60 mg/kg), and blood samples were collected from the retroorbital plexus. Liver samples were obtained for the other analyses. At the end of the experiment, the animals were killed by exsanguination under deep anesthesia, as described in the American Veterinary Medical Association (AVMA) Guidelines on Euthanasia. 20 Histological analysis. Liver tissues were fixed in 4% aqueous formaldehyde solution, embedded in paraffin, and stained with hematoxylin-eosin (HE). Liver fibrosis was assessed with picrosirius and masson trichrome staining.
F2-isoprostane assay. Livers were excised, weighed, and immediately frozen at −80 C. The frozen tissues from each rat were homogenized in ice-cold phosphate buffer (KCl 140 mM, phosphate 20 mM, pH 7.4) and centrifuged at 3000 rpm for 10 min. Protein concentration in the liver homogenates was determined using bovine albumin solution. 21 LPO was determined by estimating the level of F2-isoprostanes, a promising oxidative stress marker, which was detected in the liver using the commercially available Direct 8-iso-PGF2α ELISA kit (Enzo Life Sciences, Farmingdale, USA). A true reflection of both free and esterified isoprostane was measured following the manufacturer's instructions.
Western blot. Western blot analysis was performed on cytosolic and nuclear extracts prepared from liver homogenates as previously described. 22 The supernatant fraction was collected and stored at −80 C in aliquots until use. Protein concentration was measured. 21 Lysate proteins were fractionated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. 23 The membranes were then blocked with 5% nonfat dry milk in tris-buffered saline containing 0.05% Tween 20 (TTBS) for 1 h at room temperature and probed overnight at 4 C with polyclonal anti-NQO1 (SC376023/31 kDa), anti-TGF-β (SC31609/25 kDa), anti-NF-KB/p65 (SC8008/65 kDa), anti-iNOSinducible nitric oxide synthase (anti-iNOS) (SC651/131 kDa), and anti-vascular endothelial growth factor (anti-VEGF) (SC7269/42 kDa) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:200-1000 dilution with TTBS in 5% nonfat dry milk. The anti-alpha-smooth muscle actin (anti-α-SMA) (A2547/42 kDa) antibody (Sigma Aldrich) was at 1:5000 dilution with TTBS in 5% nonfat dry milk. The anti-β-actin (A5060/42 kDa) and GAPDH (G9545/37 kDa) antibody (Sigma Aldrich) was at 1:2000 dilution with TTBS in 5% nonfat dry milk. After washing with TTBS, the membranes were incubated for 1 h at room temperature with the secondary horseradish peroxidase (HRP)-conjugated antibody (Santa Cruz Biotechnology, 1:4000). Protein detection was performed by chemiluminescence using a commercial ECL kit (Amersham Pharmacia Biotech, Little Chalfont, UK). 22 The density of the specific bands was quantified using Scion Image software (Scion Corp., Frederick, MD, USA).
Statistical analysis. Means and SDs were calculated for all data. Significant differences between means were evaluated by one-way ANOVA. Tukey's range test was used when there were significant differences. P values <0.05 were deemed significant. All analyses were carried out using SPSS 18.0 (SPSS, Inc., Chicago, IL, USA).
Results
Effect of MLT on levels of F2-isoprostanes and expression of NQO1. We found a significant increase in both the F2-isoprostane level ( Fig. 1 ) and NAD(P)H:quinone oxidoreductase 1 (NQO1) expression (Fig. 2) in the CCI 4 group compared with the COs. The use of MLT decreased LPO (F2-isoprostanes) and NQO1 expression in the CCl 4 + MLT group.
Effects of MLT on inflammatory markers. Liver histological analysis with HE staining (Fig. 3) showed that the animals of the CCl 4 group had histological changes, such as necrosis, hepatocyte degeneration, and the presence of the inflammatory infiltrate. These findings were also found in the CCl 4 + MLT groups; however, the incidence and severity of histopathological lesions were lower than those of the CCI 4 group.
After confirming the inflammatory environment, possibly caused by the presence of ROS generated by CCl 4 metabolism, we assessed NF-κB p65 expression in the nuclear extract and iNOS expression in the cytoplasmic extract (Fig. 4) . The animals of the CCl 4 group had significantly increased NF-κB p65 and iNOS expressions when compared with the COs. The use of MLT caused a significant decrease in the expression of these proteins in the CCl 4 + MLT group when compared with the CCl 4 group.
Effect of MLT on the expression of TGF-β1 and α-SMA in CCl 4 -induced liver cirrhosis. We evaluated the expression of TGF-β1 and α-SMA (Fig. 5) with the purpose of assessing the effect of MLT on CCl 4 -induced liver cirrhosis. CCl 4 significantly increased the expression of TGF-β1 and α-SMA. In contrast, the group receiving MLT significantly decreased the expression of these proteins when compared with the CCl 4 group, thus suggesting the inhibitory effect of MLT on the activation of HSC and ECM deposition.
Effect of MLT on CCl 4 -induced histological changes. Fibrosis was investigated using picrosirius staining (Fig. 3) . The animals of the COs showed a normal liver architecture. However, the animals of the CCl 4 group showed histological changes, such as disruption of liver parenchyma, intense fibrosis with formation of thick collagen septa and closed nodules. In contrast, the animals of the CCl 4 + MLT group showed a significant reduction of fibrosis with incomplete fibrotic septa and nodules.
Effect of MLT on liver angiogenesis. Liver fibrosis changes the liver vascular architecture creating a hypoxic environment, which is an important stimulus for the production of angiogenic factors such as the VEGF (Fig. 2) . VEGF expression in the liver of the animals of the CCl 4 group was significantly higher when compared with the COs. In the CCl 4 + MLT group, this expression was significantly reduced when compared with the CCl 4 group.
Discussion
The development and progression of liver cirrhosis is a multistage process involving numerous molecular pathways and genetic changes. The present study investigated the molecular mechanisms of MLT in the oxidative, inflammatory, fibrogenic, and angiogenic damage in the experimental liver cirrhosis process. We found that the use of MLT at a dose of 20 mg/kg was effective to modulate these parameters and reduce liver fibrosis. It is probable that this effect is mainly caused by the attenuation of the oxidative damage and the inflammatory response, thus decreasing the TGF-β1 expression and the activation of HSC.
An increased deposition of collagen and other ECM proteins is common in many chronic diseases affecting the liver, lungs, arteries, and nervous system. 11 In this process, the development and progression of many chronic diseases, including liver diseases, the involvement of oxidative stress, was well described. 11 LPO is one of the major consequences of oxidative damage and is suggested as a possible mediator of liver fibrosis, having a strong influence on the synthesis and expression of collagen.
3,11,12,24-29 F2-isoprostanes are produced from the oxidative degradation of arachidonic acid and released into the circulation. Therefore, they can be easily measured in biological samples as a marker of LPO. 24, 30 In agreement with our findings, elevated levels of isoprostanes have been reported in various stages of diseases, such as alcoholic liver disease, hepatorenal syndrome, acute cholestasis, ischemia/reperfusion, diabetes mellitus, chronic obstructive pulmonary disease, etc. 11, 24 In our study, the use of MLT significantly reduced the levels of F2-isoprostanes. According to Zhang et al., 24 MLT reduced the levels of F2-isoprostanes in the liver of rats with diquat-induced LPO. In addition, MLT showed a neuroprotective effect in brain lesions, decreasing the availability of free iron and reducing the formation of F2-isoprostanes. 31 As a mechanism for the maintenance of cell redox homeostasis, the body uses significant protection systems, such as NAD(P)H:quinone oxidoreductase 1 (NQO1), which provides cellular protection against free radicals, including superoxide anions. [32] [33] [34] Paradoxically, despite its "protective" role, an increased NQO1 expression was correlated with various malignant tumors, including gastric, breast, colon, lung, thyroid, and adrenal gland. 27, 32 In our study, an increased NQO1 expression was concomitant with an increased LPO in the CCl 4 group, which decreased with the use of MLT. Venugopal and Jaiswal 35 suggested that an increased NQO1 expression occurs in response to the generation of ROS caused by inflammation or because of the use of xenobiotic compounds. NQO1 is generally related to cellular redox balance by protecting the cell from free radicals, based on the inhibition of one electron reduction of quinones. In the present study, the authors observe a concomitant increase of NQO1 with Isoprostanes (LPO).
The CCl 4 induction of oxidative damage stimulated IkB phosphorylation, which releases NF-κB p65 to act in the nucleus, with an influence on the transcription of target genes and resulting in the production and secretion of pro-inflammatory cytokines implicated in promoting fibrosis. [36] [37] [38] Once activated, NFkB stimulates the expression of iNOS with the consequent increase in the production of nitric oxide (NO), a molecule highly involved in toxin-induced liver injury. 38 Similar findings were found in our study, where CCl 4 may have induced IkB phosphorylation based on the increased nuclear expression of NF-κB p65, as well as the concomitant increase in the expression of iNOS. Several studies have shown that MLT modulates the NF-kB pathway during inflammation, and the NF-kB modulation changes the expression of the genes involved in the inflammatory process, including iNOS. 38 In the present study, the use of MLT reduced the NF-kB expression and thus reduced the inflammatory cascade, as evidenced by the decreased iNOS expression. Therefore, MLT acted as an anti-inflammatory agent in this experimental model of liver cirrhosis. These results are supported by histological findings, as HE staining revealed that MLT was able to reduce necrosis, hepatocyte degeneration, and the extensive presence of the inflammatory infiltrate, as a result of exposure to CCl 4, showing further evidence of the hepatoprotective effect of MLT. Our findings are in agreement with previous studies showing that the use of MLT, as well as other substances with antioxidant power, reduces the expression of inflammatory mediators during fibrogenesis and hepatocarcinogenesis induced by hepatotoxins. 36, 37 Studies have shown that the treatment with MLT reduces the release of NO in the vasculature and attenuates iNOS expression in the liver, as demonstrated in models of sepsis, ischemia/reperfusion, cholestasis, ionizing radiation, and liver injury caused by toxins such as aflatoxin, CCl 4 , methanol, and thioacetamide. 38, 39 When oxidative stress and inflammation are not interrupted, they may stimulate a fibrotic response characterized by irreversible damage to hepatocytes and decline in liver function. 40 As a consequence of liver injury, HSC are activated, thus generating increased synthesis of collagen and increased expression of several cytokines, including TGF-β, which is a potent stimulus for the synthesis of ECM and expansion of fibrosis. 6, 27, 36 The transduction of intracellular signals stimulated by TGF-β results in the stimulation of α-SMA, an indicator of HSC activation. 41, 42 We evaluated the expression of TGF-β1 and α-SMA, which were increased in all rats exposed to CCl 4 in accordance with the histological study, where picrosirius staining revealed intense fibrosis with formation of thick collagen septa and closed nodes. The MLT treatment significantly decreased TGF-β1 and α-SMA expressions and reduced fibrosis, thus causing the formation of incomplete fibrotic septa and nodules. Similar results were found in rats with liver fibrosis induced by bile duct ligation, using pre-and posttreatment with brivanib alaninate, sulforaphane, astaxanthin, quercetin, and MLT. [43] [44] [45] [46] In fact, the inhibition of this fibrogenesis pathway is a key strategy for the regulation of the differentiation and proliferation of HSC and the subsequent control of ECM deposition in diseases involving fibrogenesis.
Liver fibrosis is also associated with changes in the liver vascular architecture, creating a hypoxic environment, which is an important stimulus for the angiogenesis. In this environment, HSC, which are closely related to the endothelial cells, produce various angiogenic factors, including the VEGF. 44, 47 Liver fibrogenesis, angiogenesis, and hypoxia are associated in the tissue repair process and constitute a pathological vicious circle in the development of cirrhosis. Excess availability of angiogenic factors combined with excess deposition of ECM leads to sinusoidal endothelial cell (SEC) capillarization, producing an intrahepatic shunt, increasing resistance to blood flow and reducing the supply of oxygen, thus resulting in hypoxia, an important contributor to liver cirrhosis. 48 Our results suggest that the exposure to CCl 4 activates HSC, which induces VEGF expression. Nevertheless, those animals treated with MLT showed significantly reduced VEGF expression, suggesting a possible improvement in the angiogenic process and a decrease in the resistance to blood flow.
Our research group has conducted studies on the effects of MLT on liver injury and diseases and found that MLT can regulate various molecular pathways such as inflammation, proliferation, apoptosis, metastasis, and autophagy in different situations. Here, our results suggest that MLT has a powerful antifibrogenic effect, modulating the parameters of oxidative stress, angiogenesis, and inflammation. The action of MLT on the improvement of liver fibrosis seems to make it a promising candidate for clinical trials in chronic liver diseases associated with increased fibrogenesis.
